Clustered regularly interspaced short palindromic 11 repeats/CRISPR-associated protein 9 (Cas9) is a precise genome manipulating tool 12 which can produce targeted gene mutations in various cells and organisms. Although 13 CRISPR/Cas9 can efficiently generate gene knock-out, the gene knock-in efficiency 14 mediated by homology-directed repair (HDR) remains low, especially for large 15 fragment integration. In this study, we established an efficient method for 16 CRISPR/Cas9-mediated integration of large transgene cassette carrying salivary 17 gland-expressing multiple digestion enzymes (≈ 20 kbp) in CEP112 locus in pig fetal 18 fibroblasts. Our results showed that using homologous donor with a short left arm 19 and a long right arm yielded the best CRISPR/Cas9-mediated knock-in efficiency, and 20 the targeting efficiency in potential safe harbor CEP112 locus are higher than ROSA26 21 locus. The CEP112 knock-in cell lines were used as nuclear donors for somatic cell 22 nuclear transfer to create genetically modified pigs. We found that knock-in pig (705) 23 successfully expressed three microbial enzymes (β-glucanase, xylanase, and phytase) 24 in salivary gland, suggesting potential safe harbor CEP112 locus supports exogenous 25 genes expression by a tissue-specific promoter. In summary, we successfully targeted 26 CEP112 locus using our optimal homology arm system for precise modification of 27 pigs, and established a modified pig model for foreign digestion enzyme expression in 28 saliva. 29 2
Introduction
, especially in primary cells (Li et al. 46 2017a; Li et al. 2018) . Meanwhile, the length of some transgenic cassettes are very 47 long, such as mammary gland bioreactors vectors (>25 kbp), salivary gland bioreactor 48 carriers (>20 kbp) and multi-gene co-expression vectors. Therefore, precise insertion 49 of large transgenic fragment in primary cells remains a big challenge. 50 Although numerous methods indicated that inhibiting the NHEJ pathway or 51 activating the HDR pathway can efficiency promote KI efficiency, they mainly focus on 52 immortal cell lines, and have the problem of cytotoxicity and integration fragments 53 shorter than <2 kbp (Chu et al. 2015; Maruyama et al. 2016; Song et al. 2016) . 54 Recently, researchers reported that micro-homology-mediated end joining (MMEJ) 55 can highly efficiently integrated large fragments (5.7 kbp to 9.6 kbp) by using 10 to 50 56 bp micro-homology (Sakuma et al. 2015; Sakuma et al. 2016; Nakamae et al. 2017) , 57 but there is still no success for targeted integration of large fragments over 20 kbp. 58 Meanwhile, MMEJ system is more likely to lead to random integration. In addition, 59 3 Yoshimi et al reported two-hit two-oligo with plasmid system (2H2OP) that 60 simultaneously injected 2 CRISPR/Cas9 system, 2 strands 120 bp single-stranded 61 oligonucleotide, and donor vector into the fertilized eggs, could integrate the large 62 fragments of approximately 200 kbp into the genomic region with an efficiency of 63 1/15 (6.7%) (Yoshimi et al. 2016) . However, the disadvantage of 2H2OP is the high 64 rate of indel mutations at ssODN-mediated conjunction sites, which could impair the 65 integrity of inserted transgene. 66 Pigs are important agricultural animals with economic values and also used as 67 ideal human disease models (Yang et al. 2016; Zheng et al. 2017 ), but precise 68 modifications for generation of KI pigs are always a tough work (Li et al. 2017; Li et al. 69 2018). In the previous study, we have successfully established transgenic (TG) pigs 70 co-expressing three microbial enzymes (β-glucanase, xylanase, and phytase) in 71 salivary gland (Zhang et al. 2018) . These enzymes can degrade plant non-starch 72 polysaccharides (NSP) and phytate. These TG pigs can significantly promote the 73 digestion of nitrogen (N) and phosphorus (P) in formula feed, offering a promising 74 approach to improve feed efficiency and reduce the impacts on the environment. By 75 using piggybac-mediated transgenesis methods, we generated TG pig lines harboring 76 the target gene in the intron of CEP112 which encodes a centrosomal protein of 112 77 kDa and is localized around spindle poles, but its structure and function are still 78 unclear (Jakobsen et al. 2011; Shashikala et al. 2013) . The pig lines in our study can 79 efficiently express the foreign gene that can be stably inherited to the offspring, and 80 showed normal and healthy performance regardless of heterozygote or homozygote, 81 which indicates CEP112 has the potential as a safe site for the expression of foreign 82 genes like the ROSA26 locus that is frequently used for creating modified animals to 83 achieve ubiquitous or conditional gene expression in vivo (Li et al. 2014 Supplementary Table S3 , and PCR products were evaluated by 122 T7 endonuclease I assay as previously described (Li et al. 2017) . For KI cell lines 123 screening, PEFs were co-electroporated with 5 μg CRISPR/Cas9 plasmid and 10 μg 124 donor template. After electroporation, cells were divided into appropriate well plates 125 for subsequent culture and screening. 126 127 One day after co-electroporation with CRISPR/Cas9 plasmid and donor template, 128 cells were transferred into 10 cm plates, and selected with G418 (400 μg/ml) for 129 approximately two weeks. The fluorescent monoclonal cells were isolated to 48-well 130 plates and sub-cultured to 12-wells plates. Confluent monoclonal GFP + cells colonies 131 were harvested, in which 4/5 cells were cryopreserved and other were lysed for PCR 132 amplification to identify the integration of transgene ( Supplementary Table S3 ). Mannhein, Germany). The membranes were imaged using UVP software. 154 2.7. Gene copies quantification 155 The PB-PSP-BEXA plasmid was diluted to different concentration (copies: 5 0 , 5 1 , 156 5 2 , 5 3 , 5 4 , 5 5 ) as a standard curve, and simultaneously subjected to real time PCR 157 amplification with 10 ng genomic DNA of the KI pigs (see the prime RTQ-copy in 158 Supplementary Table S3 ). Standard curve was generated according to the standard 159 product copies and CT value, and the corresponding copy number of each sample 160 was calculated per standard curve. washed with TBST, they were further incubated with a secondary HRP-conjugated 180 goat anti-rabbit IgG antibody for 2 hours at room temperature and imaged using a 181 supersignal west pico enhanced chemiluminescence kit (Thermo Fisher Scientific, 182 Suwanee, GA,USA). The signals were visualized with UVP software. 183 2.9. Statistical analysis 184 All results data were presented as mean±SEM. To assess the statistical 185 significance of differences, data were analyzed using One-way ANOVA followed by 186 Duncan's test. P < 0.05 was considered statistically significant. We designed 7 sgRNAs targeting intron 5 region of the porcine CEP112 gene. We 191 first co-transfected CRISPR-targeting plasmid and fluorescence expressing plasmid 192 (pBb-ubc-eGFP) to evaluate the transfection efficiency (Fig.1 a) . The cleavage 193 efficiency of each targeting plasmid was evaluated with T7EI assays. The results 194 demonstrated that some sgRNAs can efficiently induced DSBs in targeted loci, such as 195 C1, C3, C5 and C7 had more than 40% cleavage efficicency, but some sgRNAs also 196 showed lower efficiency (Fig.1 b) . To further confirm the cleavage rates of the 197 sgRNAs, C3, C5 and C7 PCR products were cloned into TA vector, and sequenced the 198 assess the percentage of mutant alleles. The results showed that the rates of 199 presence of indels in cleavage sites were 27.8%, 36.7% and 23.0% for target loci of C3, 200 C5 and C7, respectively (Fig.1 c) . We selected C5 sgRNA with the highest cleavage 201 rate in the subsequent experiments. to the homology arm ends (Fig.2 a) . Fluorescent monoclonal cells (Fig.2 b) were 209 picked up and genotyped by PCR assay and agarose gel electrophoresis (Fig.2 c) 222 Total three cell lines (CEP112 locus KI) which exhibited a better morphology and 223 viability were carefully singled out. After fluorescent labeling gene deletion (Fig.2 d) , 224 cells were pooled and used as nuclear donors for somatic cell nuclear transfer. We 225 transferred total of 876 reconstructed embryos into 4 recipient gilts. Two recipients 226 were pregnant and delivered 9 Duroc piglets (Table 2) . PCR screening results showed 227 that 4 heterozygous (503, 605, 705 and 711) achieved site-specific KI in one allele of 228 CEP112 locus (Fig.3 a) , but only one male piglet (705) was alive (Fig.3 b) . Sequencing 229 also showed that donor sequence could be detected on both the 3'-end of LA and 230 the 5'-end of RA without excessive mutations in all KI pigs (Fig.3 c) . However, the 231 other CEP112 allele were KO with varied insertions or deletions in KI pigs, including 232 thymine(T) to cytosine (C) mutation (605 and 705) or 11 bp deletion (503 and 711). 233 Non-KI pigs showed homozygous modification with 11 bp deletion (501), 100 bp 234 deletion (603) or T to C mutation (601 and 709), and biallelic modification with 18 bp 235 insertion on one allele and 20 bp deletion on the other allele (703), or 2bp deletion 236 on one allele and adenine to cytosine mutation on the other allele (701) (Fig.3 d) . 237 Among the piglets, 2 were stillborn (1 KI piglet and 1 non-KI piglet), 5 were born 238 weak and died within 1 month (2 KI piglet and 3 non-KI piglets), and 3 appeared 9 normal at birth and survived to date (1 KI pig and 2 non-KI pigs) (Table 2) . 240 
Evaluation of KI cell lines by PCR amplification

Generation of BgEgXyAp KI pigs
Characterization of gene integration copies and expression patterns in
241 modified pigs 242 The plasmid was diluted to different copies to generate standard curve to 243 calculate the copy numbers of transgene with real time PCR. The results showed that 244 all modified pigs have approximately one copy, implying a precise KI without random 245 integration (Fig.4 a) . Furthermore, southern blot also confirmed that only single copy 246 was inserted into CEP112 locus by using two kinds of restriction endonucleases BsrGI 247 and XmnI, respectively (Fig.4 b) . During feeding period, we collected the saliva from 248 KI and non-KI pigs at 1 month and 6 month for enzymatic activity assays. The results 249 showed that the enzyme activity of KI pig (705) was increased with age, and when 6 250 months old, saliva can produce 5.49 U/mL of β-glucanase, 1.42 U/mL of xylanase, and 251 0.77 U/mL phytase (Fig.4 c) . Western blot also confirmed the presence of protein of 252 β-glucanase (BG17A), EAPPA (phytase) in the saliva of modified founders (Fig.4 d) . induce DSBs in donor plasmid after transfection and generate the same structure as 282 linearized plasmid. Meanwhile, the structure of donor template may not be essential 283 for the CRIPSR-mediated large fragments integration. In generally, we reasoned the 284 use of shorter LA and longer RA can make the precise modification more feasible and 285 accessible. 286 In order to prevent the abnormal karyotype induced by gene modification from 287 affecting the normal development of reconstructed embryos, resulting in low birth 288 rate of cloned pigs, we mixed multiple positive clones as nuclear donors for somatic 289 cell nuclear transfer. A total of 876 reconstituted embryos were constructed and 290 transplanted into surrogate recipients, 2 of which were pregnant and gave birth 291 finally. A total of 9 cloned piglets were produced, in which 5 piglets were identified as 292 negative for transgene. The main reason may be that the positive clones are impure 293 and mixed with some wild-type cells, which cannot be distinguished by PCR for KI 294 manipulation. In addition, among the 9 cloned pigs, two were stillborn and seven 295 were alive. Among the 7 live piglets, 1 KI piglets and 2 non-KI piglets died within 1 296 week after birth, 1 KI pig lived to the weaning stage, and only 1 KI pig and 2 non-KI 297 cloned pigs remained healthy. Previous studies have reported abnormal 298 reprogramming of cloned embryos or incomplete embryonic development during 299 pregnancy could account for the early death of cloned animals (Carter et al. 2002) . 300 Therefore, cloned pigs have high deformity rate and mortality produced by SCNT, and 301 the loss of cloned piglets is generally high (58%) before weaning (Liu et al. 2015; 302 Schmidt et al. 2015) . Our results also showed a similar mortality rate (KI 50% (2/4), 303 non-KI 40% (2/5)) as previous reports (Liu et al. 2015; Schmidt et al. 2015) . 304 Traditionally, targeted insertions into the ROSA26 or H11 locus are frequently 305 used for the constitutive or conditional expression of transgenic pigs (Jakobsen et al. 306 2011; Li et al. 2014; Lin et al. 2014) . Here we established a CRISPR/Cas9 mediated 307 approach for generating KI pigs in CEP112 locus, a potential safe harbor in the pig 308 genome. The results shown that CEP112 locus supports exogenous genes expression 309 driven by a tissue-specific promoter like other known safe harbors, ROSA26 (Li et al. 310 2014; Ruan et al. 2015; Xie et al. 2017) . Meanwhile, we observed that targeting 311 CEP112 were more efficient for gene insertion than ROSA26 using our optimal HA 312 system. We guessed that it was mainly caused by the chromatin structure, suggesting 313 that the CEP112 locus may be in an open genomic region and serves as a "hot spot" 314 for gene editing. Many studies have found that KI event was more likely to occur in 315 the regions where DNA can be frequently duplicated or transcribed (Frohman and 316 Martin. 1989; Ruan et al. 2014) . 317 In summary, we achieved the site-specific targeting of large fragment in CEP112 318 locus in pig somatic cells using our optimal HA system, which have the potential to 319 serve as a platform for effective generation of precisely modified pigs for biomedical 320 and agricultural applications. Finally, we also expected that the optimal system can 321 be adopted and further strengthen the notion that CEP112 is a safe locus for gene 322 addition. 323 Increasing the efficiency of precise genome editing with CRISPR-Cas9 by 374 inhibition of nonhomologous end joining. Nat Biotechnol 33 (5) 
WT -1 bp -3 bp -26 bp -5 bp -1 bp -6 bp -7 bp +1 bp C7 mutant alleles (23/100) 
